INTRODUCTION
Transcranial magnetic stimulation (TMS) has recently emerged as a potential treatment option for tinnitus. [1] [2] [3] [4] [5] [6] TMS induces electrical stimulation of cortical neurons by creating a brief, focused magnetic field over the surface of the brain. 7 When magnetic pulses are delivered repetitively and rhythmically, the process is called repetitive TMS (rTMS).
The magnetic field induced by rTMS is brief (microseconds), relatively weak (except directly under the coil, where 1-3 cm of tissue is stimulated, depending on coil configuration), 8 and declines rapidly with distance from the coil (falling off sharply after 2 cm). 7, 9 Pulse trains can be delivered at low (≤1 Hz) or high (>1 Hz) frequencies, which tend to decrease or increase neural activity beneath the coil, respectively. Standard TMS coils are only able to directly stimulate the superficial cortex, but deeper brain structures and structures in the opposite cerebral hemisphere may be affected by TMS via connecting neural pathways. 10, 11 Most studies using rTMS for the treatment of tinnitus have used low-frequency magnetic pulses applied to one temporal lobe for 30 minutes, once daily, for 3-10 consecutive days. Some have used functional imaging with neuronavigation to select the treatment site based on asymmetrical cortical activation, while others have targeted the left superior temporal lobe in all cases or the side opposite the loudest tinnitus. Regardless of targeting technique, beneficial results are obtained in about 50% of patients who receive active treatment. While treatment effects have been reported to persist for 6 months in some cases, 2 most treatment studies have demonstrated tinnitus suppression effects lasting only a few days to a few weeks. 3, 5, 6 This article will briefly review rTMS, the rationale for its use to treat tinnitus, and data relevant to its efficacy in treating tinnitus.
A THEORETICAL RATIONALE
Several theories concerning tinnitus generation have been proposed, including spontaneous otoacoustic emissions, 12 thalamocortical dysrhythmia, [13] [14] [15] and maladaptive cortical reorganization after peripheral injury, analogous to the model of chronic pain. [16] [17] [18] A comprehensive working model suggests that tinnitus may be due to decreased neural inhibition at several levels of auditory processing, including the loss of normal depolarizing sensory input in auditory nuclei of the thalamus and a related process of excessive bursting activity within nuclei of the intralaminar thalamus, leading to thalamocortical dysrhythmia.
Dysrhythmia may facilitate maladaptive cortical reorganization-an increase in neural activity/representation within auditory processing areas in the temporal lobe that is often asymmetric between hemispheresleading to phantom perception of sound 13, 14, 16, 18, 19 and creating neural contrasts, or edge effects, that enhance tinnitus perception. 20 It is evident that several brain systems contribute to tinnitus phenomenology, including limbic structures, which may influence emotional aspects of tinnitus, and structures in the frontal lobe and other regions of the brain, which may influence tinnitus awareness and annoyance. Treatments for tinnitus may have effects in one or all of these brain systems.
Repetitive TMS induces electrical stimulation of cortical neurons by creating brief, focused magnetic pulses over the surface of the brain via a stimulating coil. The induced physiological effects of TMS are determined by a variety of factors, including equipment, physiologic, and anatomic variables and stimulation parameters. 21 Parameters include the location, intensity, frequency, duration, and time intervals between stimulations. Stimulation parameters are constrained to some degree by safety considerations, 22 but the combina tions of safe stimulation parameters that can be used are very numerous.
The effects of TMS can be excitatory or inhibitory and can be evaluated at different points in time following stimulation. 23 Immediate effects are thought to result from direct excitation of inhibitory or excitatory neurons, such as a muscle twitch immediately following stimulation. Intermediate effects of TMS (occurring minutes after stimulation) may depend on changes in local pharmacology, which can have inhibitory or excitatory effects on the cortex, depending on the frequency of rTMS. Studies of the motor cortex have shown that low-frequency stimulation (≤1 Hz) tends to produce an inhibitory intermediate effect, 24 whereas high-frequency stimulation (>3 Hz)
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can produce excitatory intermediate effects. 25, 26 The longterm effects, oc cur ring over days to months, generally concern treatment studies. Relatively less is known about the neurobiologic mechanisms involved in this class of studies. This is unfortunate, as these types of changes are most relevant to studies that use rTMS to treat tinnitus.
Low-frequency rTMS applied over the temporal cortex is most commonly used to treat tinnitus. In a typical application, the stimulating coil is placed over one temporal lobe and magnetic pulses are delivered once per second for 30 minutes, once per day for 3-10 consecutive days. The rationale for this approach appears to be rooted in theories that view tinnitus as stemming from increased neural activity within the temporal lobe. Applying low-frequency rTMS over these areas would be expected to reduce tinnitus by inhibiting activity beneath the stimulating coil.
This rationale also underlies the use of PET and other imaging techniques to navigate the stimulating coil over areas within the temporal cortex that show increased metabolic activity. This rationale, however, does not stand up against certain empirical observations, which are reviewed below.
Other approaches using rTMS to treat tinnitus have used combinations of high-and low-frequency stimulation delivered to the frontal and temporal cortex, respectively. 27 Different types of burst frequencies have also been applied in patients with tinnitus. The rationale for this approach is that burst stimulation may activate neurons more powerfully than tonic stimulation, 28 and bursts may activate neurons that are not activated by tonic stimulation. 29 It is possible, therefore, that rTMS treatment may work by "normalizing" or "synchronizing" the oscillatory activity that results in edge effects and cortical reorganization or by altering the balance of activity in brain systems that are interconnected with auditory processing areas, or both. Repeated applications of rTMS may produce longer lasting modulation of cortical activity and interconnected brain systems.
EFFICACY OF rTMS FOR THE TREATMENT OF TINNITUS
Review of studies
Studies using rTMS to investigate and treat tinnitus (see Langguth et al. for a review 30 ) can be divided into: (1) those involving single sessions to disrupt tinnitus transiently for the purpose of investigating TMS parameters and locations for stimulation 29, [31] [32] [33] [34] [35] [36] [37] and (2) those using repeated sessions of rTMS on consecutive days in an effort to induce a lasting modulation of tinnitus-related neural activity as a potential therapeutic application. 2, 3, 5, 6, [38] [39] [40] [41] [42] [43] Single-session studies typically used trains of high-frequency rTMS (10-20 Hz) to produce an immediate, shortlasting interruption of tinnitus perception. More recently, the short-term effects of single sessions of theta, alpha, and beta burst rTMS on tinnitus were investigated in patients with tinnitus. 37, 44 Burst rTMS appeared to suppress narrow band/ white noise tinnitus better than did tonic stimulation, but no difference between the two types of stimulation was observed in pure-tone tinnitus.
In contrast to single-session studies, those using repeated sessions of rTMS to treat tinnitus have almost exclusively relied on low-frequency (1 Hz) rTMS. 30, 45 Most of these studies used long trains of magnetic pulses (1200-2000) repeated over 5 to 10 consecutive days. Beneficial results were obtained in about 50% of patients who receive active treatment (sham stimulation had a much lower response rate). The 50% response rate appeared to hold whether stimulation was applied to the left or right hemisphere.
In the only treatment study comparing frequency of stimulation, Khedr et al. used low-and high-frequency stimulation over the temporal cortex to treat tinnitus in 66 patients (i.e., 1500 pulses over the temporoparietal cortex at 1, 10, and 25 Hz and 100% of MT x 10 days versus sham stimulation). 40, 46 Patients were followed for 4 months and 1 year. Each stimulation frequency, except for sham, was associated with lasting improvement on the tinnitus handicap questionnaire, but not the tinnitus masking procedure.
Several studies used PET scans to target 1-Hz rTMS over areas of excessive asymmetric cortical activity in the left or right temporal cortex. 2, 3, 6, 33, 47 Despite some very promising initial claims of long-term efficacy, 2 subsequent investigations observed short-term effects (<2 weeks) even when rTMS treatment was applied for 10 rather than 5 days. 3 Additionally, a recent review of coil navigation methods in studies of tinnitus indicated that simply placing the coil over a standard location in the left temporal cortex was as efficacious as guiding placement of the coil with PET or other techniques. 38, 45 The empirical data from Langguth's review of coil navigation techniques 45 and Khedr et al. 40, 46 cast doubt on the simple hypothesis that tinnitus is promoted by increased, asymmetric neural activity within the temporal cortex, especially as high-frequency rTMS would be expected to excite rather than inhibit neural activity beneath the stimulation coil.
Study of maintenance rTMS
Because a single course of rTMS tends to reduce tinnitus perception for only a short period of time, 4, 6 we have examined the application of "maintenance rTMS." 48 Our preliminary data showed that maintenance rTMS could improve the duration of the treatment effect. Currently, we have five patients who were selected for maintenance treatment because they demonstrated an initial positive response to a treatment course of 1-Hz rTMS. All these patients showed a replication of the initial treatment response following a three-session course of maintenance rTMS (1800 pulses delivered at 1 Hz and 110% of MT for 3 consecutive days). Patients were then asked to contact us for additional courses of maintenance treatment when and if their tinnitus returned.
One patient reported a subjective return of tinnitus and received four courses of maintenance treatment over the right temporal lobe. In this patient, tinnitus remained absent in the left ear and near baseline in the right ear 6 months after the last maintenance treatment ended. Moreover, the patient re ports that tinnitus is largely unnoticeable in daily life.
Two patients did not call to request additional treatment after their second maintenance session and indicated in follow-up e-mails that their tinnitus remained lower and was less annoying.
The remaining two patients are still being followed. One has now received three courses of maintenance treatment extending over one year. Tinnitus perception in this patient is rated as lower and less annoying in between the courses of maintenance treatment than at pre-treatment assessment.
These pilot data demonstrate the feasibility of using maintenance treatment to treat tinnitus chronically and show that three rTMS sessions are sufficient to replicate the initial treatment effect, with benefits extending from weeks to months.
Measuring change in tinnitus before and after rTMS
The efficacy of rTMS for tinnitus may depend on how tinnitus is assessed.
Early reports on the efficacy of rTMS for tinnitus relied on questionnaires to evaluate change, reporting high treatment response rates (up to 80%) and long treatment effects (up to 6 months after one course of treatment). 2 Subsequent studies that incorporated visual analogue ratings of tinnitus loudness observed response rates around 50% and shorter treatment duration (<2 months). 3, 5, 6 For example, the Khedr et al. study 46 reported long-term change for questionnaire data, which assess the impact of tinnitus on a patient's life, but not for assessments based on a tinnitus masking procedure, which is a more direct assessment of tinnitus loudness. These disassociations in assessing tinnitus and response to treatment can be addressed by using a combination of questionnaire, visual analogue, and tinnitus loudness matching procedures.
Finally, many patients are in the habit of ignoring tinnitus, and they may not be well prepared to assess change when it occurs. Therefore, patients in any treatment trial using rTMS should be required to establish a stable baseline of tinnitus ratings and loudness matching prior to any intervention.
CONCLUSION
Although very promising results have been obtained to date, in order for rTMS to serve as a tinnitus therapy, certain parameters, such as frequency, duration, and number of treatment sessions; targeting strategies; delivery; and patient factors need to be better understood. These are currently under investigation in several clinical trials.
